One of the objectives of the RANGE mission is to perform relative navigation using differential aerodynamics. The aerodynamic force coefficients, moment coefficients, and heating can be computed numerically, though this process is too computationally expensive to integrate directly into an orbit propagator. A surrogate model is developed to improve the modeling fidelity beyond a simple sphere or plate model without significantly increasing computational cost. The training points for this model come from an industry standard code for Direct Simulation Monte Carlo analysis. Detailed discussions of model development, validation, and results are included.
I. Introduction S atellites in low-Earth orbit (LEO) experience perturbations due to the atmosphere. One possible method for formation-keeping between two satellites is to take advantage of differences in this perturbation: differential drag.
1, 2 Differential drag is highly advantageous for nanosatellite constellations because propellant or a propulsion system can be eliminated, significantly mitigating the challenge of obtaining a secondary payload launch accommodation. 3, 4 One of the objectives of the Ranging and Nanosatellite Guidance Experiment (RANGE) mission is to utilize differential drag as a means of orbital formation-keeping. 5 The standard approach to conceptual aerodynamic modeling of a satellite is to idealize the geometry and use analytic models. The assumption of a non-concave surface in the analytic approach is not valid for the geometry of a spacecraft with deployable panels, so numerical simulation is used instead. The direct simulation Monte Carlo (DSMC) approach to computational fluid dynamics (CFD) is to remove the continuum assumption on the fluid and apply gas kinetic theory. 6 The order of magnitude of the problem is reduced through simulated particles, but otherwise the mechanics of collisions, rotation, thermal motion, are included. This study used an industry standard code developed at NASA called the DSMC Analysis Code (DAC).
DSMC simulations are computationally expensive and DAC would significantly increase the runtime of a trajectory propagation tool if it were called directly from the integrator. A surrogate model for DAC was developed to solve this problem. Training and validation points for the model were selected using an iterative space-filling design.
II. Geometry Model
The RANGE mission consists of two identical nanosatellites following the CubeSat standard. Each satellite is 1.5U and has two deployable 10cm x 15cm solar panels. A SolidWorks assembly of the satellite was exported to the STL file format. The MeshLab and NetFabb Cloud tools were used to prepare the STL file for DAC, a process that involves removing the internal geometry and filling holes in the surface. The STL file used as input to DAC is shown in Figure 1 . The z-axis of the satellite is nadir-pointing. These axes are fixed to the satellite and the aerodynamics are calculated with respect to these axes. The axial force coefficient (C A ) corresponds with the x-axis, side force coefficient (C S ) with the y-axis, and normal force coefficient (C N ) with the z-axis. 
III. Relevant Properties
The properties of the LEO atmosphere are sensitive to several factors including altitude, latitude, time of day, time of year, and solar activity. Table 1 provides the values of these properties that were used in developing the RANGE aerodynamic model.
IV. Free Molecular Flow Theory
This flow is classified as a free molecular based on the Mach number and Knudsen number. 9 Additionally, the high molecular speed ratio indicates that the flow is hyperthermal. 10 In these flow conditions, the aerodynamic pressure and shear coefficients of a convex geometry are given by Eqs. (1) and (2). The angle of incidence, θ, is defined as the angle between the freestream and normal directions. The tangent vector, given in Eq. (3), is parallel to the projection of the freestream vector onto the tangent plane. The contribution of dA to the aerodynamic force coefficients is given by d f in Eq. (4), where H is the Heaviside function. The total force and moment coefficients are given by Eqs. (5) and (6).
V. Accommodation Coefficient
The parameters σ N and σ T in Eq.(4) are accommodation coefficients, which describe the average distribution of reflected velocities. Measuring these quantities independently is possible under controlled conditions, though measurements from laboratory experiments and flight data vary significantly.
12, 13 The analysis of flight data assume that σ N and σ T are equal and the symbol σ is used instead. This is equivalent to Maxwell's description of free molecular flow, where σ represents the fraction of molecular collisions that are diffuse. The other fraction of the collisions, 1 − σ, are specular, where the angle of reflection is equal to the angle of incidence, the tangential velocity is unchanged, and the normal velocity changes sign.
The analytic expressions in Section IV indicate that the magnitude of the force and moment is directly proportional to the accommodation coefficient. Since the value of this coefficient cannot be observed reliably before flight, there will be uncertainty in the aerodynamic force and moment coefficients of the RANGE nanosatellites. The accommodation coefficient for the Ariel 2 mission, which had a perigee altitude of 290 km and eccentricity of 0.07, was calculated to be 0.86. 13, 14 Accommodation coefficients for satellites in the 800 -1000 km range have been studied, however at this altitude the abundance of helium is dominant over atomic oxygen. 15 Since the atmosphere that the nanosatellites will fly through is most similar to the atmosphere experienced by Ariel 2, an accommodation coefficient of 0.86 is assumed for RANGE. Using the theory as a reference, the aerodynamics are directly proportional to σ. If the accommodation coefficient was 10% higher than this assumed value, then the aerodynamics would be 10% greater in magnitude.
VI. Direct Simulation Monte Carlo Method
The free molecular flow theory is constrained to convex geometries because it cannot model self-reflection.
16
This is the case with the RANGE nanosatellite geometry because it has deployable solar panels, so direction simulation Monte Carlo (DSMC) is used to model the flow instead. In DSMC, molecules are grouped together into simulated particles to decrease computational cost, but otherwise the fundamental conservation laws of mass, momentum, and energy are preserved.
6 NASA has developed a DSMC Analysis Code (DAC) which provides the forces, moments, and aerodynamic heating in two step process with mesh adaptation.
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The DAC tool is used to generate the aerodynamic database for the RANGE nanosatellites.
VII. Surrogate Modeling

A. Sensitivity Analysis
A sensitivity analysis on the primary input parameters shows that the only significant factors are the orientation of the flowfield and the accommodation coefficients. 18 The accommodation coefficient is held fixed at 0.86 for reasons detailed in Section V, which leaves the flowfield orientation as the swept parameter in the surrogate model.
B. Design of Experiments
The space of all possible orientations of the flowfield,V ∞ , is a unit sphere, S 2 . Baumgardner and Frederickson developed an icosahedral discretization of the sphere, which begins with an icosahedron (a 20-sided polyhedron), bisects the edges with new vertices, projects these vertices onto the unit sphere, then creates new faces from these vertices and repeats.
19 One advantage to this bisection method is that the grid is nearly-uniform across the unit sphere. The design of experiments used in this investigation starts with an octahedron and uses the same bisection and iteration process. Projection was not used in this process. Instead, in the bisection step, the unit vector of one vertex is rotated through half the angle to the joining vertex. This change simplifies the process by eliminating the need for polyhedron-to-sphere conversion.
The designs of experiments are shown in Figure 2 . The red, N = 2, points each bisect the lines between the blue N = 1 points. The yellow, N = 3, points bisect the red points and blue points. The process can be repeated ad infinitum, however the number of sample points grows rapidly. The growth rate for the number of vertices (V ) is derived from the Euler characteristic and given in Eq. (7).
C. Grid Convergence
Based on the values of C S in the third and fourth rows of aerodynamic database in the appendix, DAC is accurate to about 1%. These two runs are symmetric about the x-z plane so, in theory, the values of C S would be equal and opposite. Since the interpolant cannot be more accurate than the training points, the grid is converged when the interpolant's percent error is on the same order of magnitude as DAC's. Shown in Figure 3 is a comparison of the distributions of errors based on the number of iterations on the octahedron. The model is trained with the points from N ≤ n and compared against the results from N > n. The octahedral design of experiments is accurate up to 50% while the next iteration is good to within 20%, and the following iteration is good to within 8%. The fourth iteration, N = 4 in Figures 2 and 3 , is accurate to within 3.5% of the values from N = 5, so the grid converges at N = 4. 
D. Interpolation Function
Interpolation of function values over the surface of a sphere applies primarily to large-scale computational meteorology. 20 In this case, the aerodynamics force vector and heat rate results from DAC are being interpolated. There are four common interpolation techniques: linear interpolation, radial basis functions (RBFs), cubic interpolation, and spherical harmonics. The RBF approach is used in this investigation because it can be tuned to maximize the fit and does not rely on gradient approximations. The two RBF kernels used in the meteorological community, thin-plate spline and multi-quadric, are both very sensitive to the value of their parameter, r 0 . The inverse multiquadric RBF kernel, given in Eq. (9), is relatively insensitive to r 0 and generally yields lower errors. In this application of RBFs, the distance (r) is the angle between the points on the sphere. The construction of the interpolation function is given in Eqs. (8)- (11), where there are n training points at unit vectorsû i .
The training points for the RBF interpolant are a subset of all the sample points. Specifically, the training points are the vertices (û j ) of the spherical triangle containing the query point (V ∞ ). Which triangle contains the query point is determined by checking that the point is to the left of every edge, in a counterclockwise sense. Down-selecting to three training points improves the MFE of the interpolant and decreases the computational cost for inverting the matrix Φ.
E. RBF Parameter Tuning
The parameter of the RBF, r 0 , can be tuned to improve the MFE of the interpolant. Selecting the value for r 0 is the result of the optimization problem stated in Eq. (12) . In this set of equations, there are m validation points. The objective function is the sum of the sample mean squared and the sample variance. The samples are the 2-norm of the difference in the validation outputs and the predicted outputs. These outputs are the three force components, the three moment components, and the aerodynamic heating, each in MKS units. Since the moments and heat rates are small, this residual is equivalent to the magnitude of the error in the force only. The 2-norm is not necessary and multi-variable statistics could be used instead. The goal is to minimize the model error and the choice of r 0 is secondary in achieving this goal compared to having enough sample points.
The constraints in Eq. (12) are definitions for the samples, mean, and variance, and are not truly equality constraints on r 0 . This is a single-objective, single-variable optimization problem with one side constraint, since φ is symmetric in r 0 . This problem is solved by first bounding the minimum and then collapsing on the minimizer with the Golden Section Method. The minimizing value of r 0 depends on the number training points, which is determined by the number iterations, N , performed in the design of experiments. 
VIII. Validation
The DSMC simulation results become self-consistent after N = 4 iterations of the octahedron. Analytic models provide a basis of comparison for the simulation results, since the two have produced results within 10-15% difference in previous investigations.
11 , 16 In these cases, DSMC is more accurate because the analytic model is based on several assumptions of the flow and the geometry. An analytic model of the aerodynamics was developed for validation using the hyperthermal pressure and shear coefficients in Eq. (1) and (2) 
IX. Discussion of Results
A. Drag Along the Body Axes
The aerodynamics for flow oriented along the body axes are given in the first eight rows of the aerodynamic database, in the appendix. Scaling the axial coefficients by the reference area in Table 1 gives the range of drag coefficients in Table 3 . The full aerodynamic database is in the appendix and contains the body-fixed aerodynamic coefficients, the wind-frame coefficients, and the convective heating rate. The lift coefficient is the total force coefficient perpendicular to the freestream. 
B. Aerodynamic Moments
The moments imparted onto the satellite are relatively small in magnitude compared to the forces, however the moments are scaled by an additional reference quantity. This makes intuition for moment coefficients difficult, especially since the magnitude of the applied torque is of interest. The order of magnitude of the freestream dynamic pressure is 10 µPa and the moment coefficients are on the order of 100 cm 3 . The magnitude of the moments will be on the order of 1 nN-m, which is significantly smaller than the other torques acting on the satellite.
C. Aerodynamic Heating
In addition to the forces and moments on the satellite, DAC calculates the convective heating on the satellite, Q. The heat flux distribution could be calculated in DAC post-processing, however the surface-integrated quantity is sufficiently small. The convectiveQ values in the aerodynamic database are between 5 and 14 mW, values that correspond to the minimum and maximum projected area.
D. Comparison with Sphere and Plate Models
The analytic geometry used in Section VIII included the multiple facets and shadowing conditions specific to the RANGE nanosatellite. Simpler analytic models, the flat plate and sphere models, are typically included in trajectory propagation tools. These models are shown against the DAC data in Figures 6 and 7 . Residuals are shown in Figures 8 and 9 , with the DAC results used as the reference. Neither of these models captures the trends in the aerodynamics of the RANGE nanosatellite. Using drag coefficient as a figure of merit, the sphere and plate models differ from the DAC results by 102% and 65%, respectively and at the 80% confidence level. • 
X. Summary
The RANGE nanosatellites experience hyperthermal free-molecular flow in orbit. CFD in this regime requires a particle-based simulation, rather than assuming a continuum fluid. A high-fidelity aerodynamic model for these satellites is developed using the industry-standard DSMC code, DAC. A sensitivity analysis in this regime indicates that the two primary variables are the accommodation coefficient and the orientation of the flowfield. The best estimate for the accommodation coefficient is 0.86, based on data from the Ariel 2 mission, and an aerodynamic database is compiled by sweeping across flowfield orientations.
Since DAC cannot be directly integrated into orbit propagation software, a surrogate for DAC was generated specifically for these satellites. This surrogate model applies numerical integration techniques developed in the meteorological community: using spherical geometry in the design of experiments and radial basis functions in the surrogate model. The radial basis function parameter was tuned to minimize the model error, which is approximately 3.5% relative to DAC validation runs. The DSMC sample points agree with an analytic model to within 13% on average with a worst-case error of 52%. This level of fidelity is deemed sufficient for conceptual design of the RANGE mission and much improved over use of historical sphere and plate models. In the future, this model can be incorporated into an orbit propagator and it can be compared against flight data from the RANGE mission. 
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